Abstract Recent studies have shown that the dendrites of several neurons are not simple translators but are crucial facilitators of excitatory postsynaptic potential (EPSP) propagation and summation of synaptic inputs to compensate for inherent voltage attenuation. Granule cells (GCs)are located at the gateway for valuable information arriving at the hippocampus from the entorhinal cortex. However, the underlying mechanisms of information integration along the dendrites of GCs in the hippocampus are still unclear. In this study, we investigated the input integration around dendritic branches of GCs in the rat hippocampus. We applied differential spatiotemporal stimulations to the dendrites using a high-speed glutamateuncaging laser. Our results showed that when two sites close to and equidistant from a branching point were simultaneously stimulated, a nonlinear summation of EPSPs was observed at the soma. In addition, nonlinear summation (facilitation) depended on the stimulus location and was significantly blocked by the application of a voltage-dependent Ca 2? channel antagonist. These findings suggest that the nonlinear summation of EPSPs around the dendritic branches of hippocampal GCs is a result of voltage-dependent Ca 2? channel activation and may play a crucial role in the integration of input information.
Introduction
Dentate granule cells (GCs) are located in the dentate gyrus, the entrance to the hippocampal trisynaptic network. GCs mainly receive synaptic inputs through the perforant path (PP) that originates in the entorhinal cortex (Amaral et al. 2007 ). The lateral PP projects to distal dendrites and the medial PP projects to middle dendrites within the outer two-thirds of the GC molecular layer (Wang and Lambert 2003; Nishimura-Akiyoshi et al. 2007; Hargreaves et al. 2005) , while associational-commissural inputs and positive feedback inputs from mossy cells terminate on proximal dendrites within the inner third molecular layer (Jackson and Scharfman 1996) . It is conceivable, therefore, that information processing differs at each dendritic location.
GCs differ from hippocampal pyramidal cells morphologically as they have profuse branches not far from the soma within the inner third of the molecular layer (Amaral et al. 2007 ). Moreover, due to very strong dendritic voltage attenuation, the impact of individual synapses on GC output is low (Krueppel et al. 2011) . It was previously thought that dendrites simply collect synaptic inputs and convey them to the soma, but recent studies have reported that dendrites can serve as fundamental units integrating some information by themselves. For example, sequential spine activation from the tip branch to the soma (afferent direction) or from the soma to the tip (efferent direction) produces strong direction-sensitive responses, where the afferent direction consistently produces larger somatic responses than the efferent direction in dentate GCs and where the response is dependent on N-methyl-D-aspartate (NMDA) receptors . The facilitation of dendritic inputs with direction sensitivity may therefore be crucial in dendritic information integration. In our previous study, we demonstrated the nonlinear integration of spatiotemporal inputs to dendrites in CA1 pyramidal neurons using laser uncaging stimulation (Yoneyama et al. 2011 ). However, not just the dendrites but also their single dendritic branches may act as fundamental functional units in the nervous system , given that GC dendrites show linear integration of synaptic inputs, because the strong voltage attenuation along the dendrites regulates and prevents induction of nonlinear summation. However, since GCs contain numerous branches and specific input locations with different information modalities (Hargreaves et al. 2005) , the mechanisms underlying the integration of synaptic inputs involving dendritic branching, the interaction between these inputs along the dendrite, and the integration of information from inputs at the dendrite tufts are still unclear.
In this study, we focused our investigation on input integration that occurs around the dendritic branches of GCs. Using a high-speed glutamate-uncaging laser, we applied differential spatiotemporal stimulation to the dendrites to estimate the linearity of summation of excitatory postsynaptic potentials (EPSPs) by two dendritic inputs around the branching point.
Materials and methods
All experiments were performed in accordance with the guidelines of Tamagawa University Animal Care and Use Committee. The protocol was approved by the Tamagawa University Animal Care and Use Committee (Permit Number: H14-8).
Animals and brain slices
Hippocampal acute slices were prepared from Wistar rats (P18-22). Rats were anesthetized with Forane (Abbott Japan). The whole brain was removed while under anesthesia and placed in cold artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 3 KCl, 10 glucose, 1.25 NaH 2 PO 4 , 22 NaHCO 3 , 2 MgSO 4 , and 2.5 CaCl 2 (pH 7.3 when bubbled with 95 % O 2 and 5 % CO 2 ). The brain was sliced (300-lm thickness) at an angle of 30°-40°along the long axis of the hippocampus. Acute slices were recovered in ACSF at 30 ± 0.5°C for at least 1 h before recording. After recovery, the slices were kept at room temperature. During recording, 25 lM of picrotoxin (Sigma-Aldrich) was added to the ACSF to block GABA A receptor-mediated current.
Stimulation with high-speed uncaging equipment Stimulation was performed using a laser confocal microscope with a custom built high-speed UV laser uncaging system (Carl Zeiss) (Kojima 2006) . The system can irradiate a sample with a radius less than 1 lm. To visualize the dendrites, Alexa Fluor 488 (100 lM; Molecular Probes) was added to the pipette solution and applied to the cell for 10 min. The dendrite was visualized using an argon laser (488 nm) with a confocal laser scan microscope. Before laser uncaging stimulation, MNI-caged glutamate (125 lM final concentration; Tocris) was added to the ACSF. The UV laser irradiated the dendrite at the outer molecular layer in the upper blade of the dentate gyrus. The duration of laser irradiation was 1 ms, and laser power was adjusted so that the peak amplitude of unitary EPSP was 1.5-2.5 mV. The unitary EPSPs were adjusted to below the threshold. The stimulus interval (s) was set as the time from the start of laser irradiation to the next laser irradiation. Due to limitations of the uncaging system used, s = 0 ms had an interval delay of 0.5-1 ms in transit time. The other intervals did not have any delay because of correction. In addition, in the hippocampal dentate gyrus, regardless of the location of the dendrite, the rise time of glutamate-uncaging-induced EPSPs (gluEPSPs) at a single spine is stable, and the decay time does not change with DL-2-amino-5-phosphonovaleric acid or Ni 2? administration (Krueppel et al. 2011) .
Superposed EPSP around a branching point
To investigate the spatiotemporal properties of EPSP summation on the dendrite, stimulus locations were set to three sites along the dendrite or dendritic branches (Fig. 1a) . Two stimulations S 1 and S 2 (Fig. 1b) were applied to sites 1 and 2 on branching tufts, located at distances d 1 and d 2 from the dendritic branching point, respectively (d 1 = d 2 ; 5, 10, 20, 30 lm). Another stimulation, S 3 , was applied to site 3 on the apical dendrite, located at distance d 3 from the chosen dendritic branch to the soma (d 3 ; 5, 10 lm). A pairing stimulation S ij was applied (Fig. 1c) , consisting of stimulations S i and S j with interval time s (0, 5, 10 ms). A pairing stimulation consisting of S 1 (or S 2 ) on a tuft and S 3 on the apical dendrite (Fig. 1d, left) is hereafter referred to as ''Line'' stimulation S 13 and S 23 . S 13 and S 23 indicate the direction from the tip to the soma, which we refer to as the ''IN'' direction. S 31 and S 32 indicate the direction from the soma to the tip, which we refer to as the ''OUT'' direction. Another pairing stimulation consisting of S 1 and S 2 on each tuft, or sister branch, (right part of Fig. 1d ) is hereafter referred to as ''Branch'' stimulation S 12 . S 12 and S 21 represent pairing stimulations for the same pair of sites in opposite directions. A stimulus was defined as such when S 12 induced a greater superposed EPSP than S 21 (d 1 , d 2 = 10 lm, s = 5 ms). The measurement of nonlinearity in the EPSP summation induced by pairing stimulation is shown in Fig. 1e . In the lower traces, nonlinearity was calculated as the difference between the measured (superposed) EPSP elicited for pairing stimulation S 12 and the linear summation of each EPSP time course for S 1 and S 2 stimulations (upper and middle traces).
Recording
Patch clamp recording was performed at the soma of a dentate GC from rat hippocampus. The recording electrode was a micro glass pipette made with a puller. The resistance of the electrode was 7-10 MX. The pipette solution contained (in mM) 142 K-glugonate, 10 HEPES, 10 NaCl, 2 MgATP, 0.2 Na 2 GTP, 0.5 EGTA, and 10 MgCl 2 (pH 7.2 with KOH). To visualize the dendrite, Alexa Fluor 488 was added to the pipette solution (final concentration was 100 lM). Before laser uncaging stimulation, MNI-caged glutamate (125 lM final concentration; Tocris) was applied to the ACSF. During recording, 25 lM of picrotoxin (Sigma-Aldrich) was added to the ACSF to block GABA A receptor-mediated current. Neuronal responses were recorded using the whole-cell patch clamp method (current-clamp mode). In our pharmacological experiment (described later), the blockers were applied to the ACSF bath. A patch clamp amplifier (EPC-7 plus; Heka) was used for the recording. The starting membrane potential of the GCs used for our experiments was less than -60 mV. The membrane potential was adjusted to -80 mV by current injection. The neural response was high-cut filtered at 5 kHz and digitized at 48 kHz using personal computer software (Clampex 9.2.0.11, Molecular Devices).
Experiment 1: spatial dependence of EPSP summation
To clarify the spatial dependence of the linearity or nonlinearity in an EPSP summation induced by coincident applications of two inputs, Line stimulations (S 13 , S 23 ) and Branch stimulations (S 12 , S 21 ) were applied with the same time interval s = 0 ms at the same distances (d 1 , d 2 = 5, 10, 20, 30 lm; d 3 = 5, 10 lm). In addition, the dependence of the nonlinearity on the distance between a branching point and the soma (d s ) was measured for the above pairing stimulations in which significant nonlinearity in EPSP summation was observed.
Experiment 2: spatiotemporal dependence of EPSP summation
To clarify the spatiotemporal dependence of the linearity or nonlinearity in an EPSP summation, Line stimulations (IN:
S 13 , S 23 and OUT: S 31 , S 32 ) and Branch stimulations (S 12 , S 21 ) were applied at different time intervals (s = 0, 5, 10 ms) and at the same distances (d 1 , d 2 = 5, 10 lm and d 3 = 5, 10 lm).
Pharmacological application
To clarify the molecular mechanism underlying the nonlinear summation of EPSP on dendrites, we applied two antagonists to the ACSF: DL-2-amino-5-phosphonopentanoic acid (DL-AP5, 100 lM, Sigma-Aldrich) for the NMDA receptor, and NiCl 2 (50 lM, Kanto Chemicals) for the voltage-dependent Ca 2? channel.
Analysis
All data processing was performed after applying a 1-kHz low pass filter (Clampfit ver. 9.2.0.11; Molecular Devices). For a single neuron, five responses to the paired stimuli were averaged and used as representative data. The 50 ms of resting membrane potential before stimulation was averaged and defined as 0 mV. To evaluate the nonlinearity of dendritic EPSP summation, we calculated the ratio between the peak of the measured EPSP and the peak of the EPSP linear sum (Fig. 1e) . T-tests and ANOVAs were used to determine statistical significance as appropriate, with significance set at P \ 0.05.
Results

Spatial dependence of EPSP summation
To determine the existence of nonlinearity in an EPSP summation induced by coincident application of two inputs on dendrites, Line stimulations (S 13 , S 23 ) and Branch stimulations (S 12 , S 21 ) were applied with a time interval s = 0 ms at the same distances from a branching point ( 0.97 ± 0.05 (n = 7)). Figure 3 shows the input-output relation when the Branch stimulations (S 12 or S 21 ) were applied coincidently (s = 0 ms) at the same distances (d 1 , d 2 = 5, 10, 20, 30 lm). In Fig. 3a , most measured EPSPs were greater than the expected EPSP linear sums for each Branch stimulus (S 12 ) at 10 lm from branching point to stimulus point, regardless of the magnitude of the input. Figure 3b shows summarized data of the input-output relation for each distance. Significant nonlinearity was found for the 5 and 10 lm distances (Student's t-test, P \ 0.05; d 1 , d 2 = 5, 1.24 ± 0.06 (n = 7) P \ 0.01; d 1 , d 2 = 10 lm, 1.26 ± 0.03 (n = 69)). Significant nonlinearity was not found for the longer 20 and 30 lm distances (d 1 , d 2 = 20 lm, 1.09 ± 0.03 (n = 26); d 1 , d 2 = 30 lm, 1.02 ± 0.04 (n = 7)). When comparing nonlinearity at different distances, significant differences were found between the 5 and 30 lm distances, 10 and 20 lm distances, and 10 and 30 lm distances (ANOVA, P \ 0.05). Therefore, supralinearity gradually decreased with increasing distance. In addition, in Fig. 4 , the dependence of the nonlinearity on the distance d s of a branching point from the soma was measured for Branch stimulation S 12 (d 1 = d 2 = 10 lm). Here, significant nonlinearity in the EPSP summation was observed. The increasing ratios presenting nonlinearity stabilized at less than 100 lm from soma to branching point.
Spatiotemporal dependence of EPSP summation
To determine the spatiotemporal dependence of the linearity or nonlinearity in EPSP summation, Line stimulations (IN: S 13 ,S 23 and OUT: S 31 , S 32 ) and Branch stimulations (S 12 , S 21 ) were applied at different timings (s = 0, 5, 10 ms) and at the same distances (d 1 , d 2 = 5, 10 lm).
Results for Line stimulations applied at different timings (s = 0 and 10 ms) and at the same distance (d 1 , d 2 , d 3 = 10 lm) are shown in Fig. 5 . In the present study, the stimulus sites 1 and 2 for S 1 and S 2 in the Line stimulation were decided as such when the superposed EPSP elicited by S 13 was larger than that by S 23 . Although there was no No significant nonlinearity was found for EPSP summations induced by S 13 and S 23 in the IN direction at either s = 0 or 10 ms (S 13 : 1.05 ± 0.03 (n = 23); S 31 : 1.04 ± 0.04 (n = 23); S 23 : 0.97 ± 0.03 (n = 23); S 32 : 1.03 ± 0.04 (n = 23)). For stimulations S 31 and S 32 in the OUT direction, nonlinearity was not significant for s = 0 ms but was significant for s = 10 ms. Here, Line stimulations S 31 and S 32 in the OUT direction showed sublinear EPSP summation (S 13 : 1.03 ± 0.03 (n = 22); S 31 : 0.89 ± 0.07 (n = 4); S 23 : 1.03 ± 0.03 (n = 22); S 32 : 0.86 ± 0.08 (n = 4); t-test, P \ 0.05).
Results for Branch stimulations (S 12 , S 21 ) applied at different timings (s = 0, 5, 10 ms) and at the same distances (d 1 , d 2 = 5, 10 lm) are shown in Fig. 6 . Stimulus sites 1 and 2 for S 1 and S 2 in the Branch stimulation were decided as such when the superposed EPSP elicited by S 12 was larger than that by S 21 at s = 5 ms. A significant difference was found between the measured EPSPs for S 12 and S 21 (Fig. 6a , P \ 0.05, d 1 , d 2 = 5 lm). Significant supralinearity was found for the ratio at s = 0 ms in both the 5 and 10 lm distances, while no nonlinearity was found at s = 5 and 10 ms (Fig. 6a, b ) (d 1 , d 2 = 5 lm: s = 0 ms, S 12,21 : 1.22 ± 0.05 (n = 7); s = 5 ms, S 12 (large): 1.06 ± 0.08 (n = 7), S 21 (small): 0.84 ± 0.07 (n = 7); s = 10 ms, S 12 (large): 0.99 ± 0.06 (n = 7), S 21 (small): 0.98 ± 0.04 (n = 7); d 1 , d 2 = 10 lm: s = 0 ms, S 12,21 : 1.19 ± 0.03 (n = 14); s = 5 ms, S 12 (large): 1.04 ± 0.04 (n = 13), S 21 (small): 0.97 ± 0.05 (n = 13); s = 10 ms, S 12 (large): 1.03 ± 0.05 (n = 13), S 21 (small): 1.04 ± 0.04 (n = 13)). Interestingly, only Branch stimulations at s = 5 ms and d 1 = d 2 = 5 lm showed a significant difference in the ratio between S 12 and S 21 large and small measured EPSPs (Fig. 6a) (P \ 0.05). Since there was no significant nonlinearity in both S 12 and S 21 , even though the Branch stimulations at s = 5 ms and d 1 = d 2 = 5 lm showed a significant ratio difference. The results showed that only s = 0 ms elicited nonlinearity in superposed EPSPs at both 5 and 10 lm distances.
Molecular mechanisms of supralinear amplification
To determine the underlying molecular mechanism of supralinear amplification of EPSP summation in the Branch stimulation, nonlinearity was measured in the bath application of channel blockers (DL-AP5, Ni 2?
). Experiments were performed at d 1 = d 2 = 10 and 20 lm and s = 0 ms. Figure 7a shows the time courses of standardized EPSP (dark gray: measured EPSP, light gray: EPSP linear summation). Under the application of channel blockers, EPSPs were standardized based on the control EPSP linear summation. Figure 7b shows summarized data of the pharmacological effect at d 1 , d 2 = 10 lm. Upon the addition of DL-AP5 (NMDA receptor blocker) to the ACSF, supralinearity of the measured EPSP was still observed and showed no significant difference compared with the control condition, though the mean peak amplitude showed a small reduction. On the other hand, Ni 2? application showed a significant reduction in supralinearity compared with the control condition (ANOVA, P \ 0.05), and the presence of both Ni 2? and DL-AP5 showed an even a : 0.91 ± 0.09 (n = 8); Ni 2? ? AP5: 0.96 ± 0.05 (n = 4)) (Fig. 7c) .
Discussion
In this study, to investigate the integration of spatiotemporal inputs on dendrites, two types of pairing stimulations (Line and Branch) were applied, using a high-speed laser uncaging system, to dentate GC dendrites.
First, the nonlinearity in EPSP summation induced by coincident application of two inputs was estimated. When the Line stimulations were applied with the time interval s = 0 ms at the same distances from the branching point (d 1 = d 2 = d 3 ; 5, 10, 20 lm), there was no nonlinearity in the input-output relations (the ratios of the peak of measured EPSP and the peak of EPSP linear summation) even with an increase in distance from branching point to stimulation point (Fig. 2) . These results indicate that the EPSP summation elicited by subthreshold inputs in the direction from the distal dendrite to the soma along a dendrite was linear, independent of distance from the branching point. This is consistent with the findings of There was a significant difference between the measured EPSPs for S 12 and S 21 . Results show supra-linearity of the ratio only at s = 0 ms for both 5 and 10 lm distances. There was no nonlinearity at s = 5 and 10 ms. Values in a and b are given as mean ± SE previous studies using two-photon glutamate uncasing in dentate GCs (Krueppel et al. 2011 ) and cortical pyramidal cells (Hargreaves et al. 2005; Jackson and Scharfman 1996) . On the other hand, when the Branch stimulations were applied coincidently (s = 0 ms) and at the same distances (d 1 , d 2 = 5, 10, 20, 30 lm), significant nonlinearity was shown for 5 and 10 lm distances, and the supralinearity gradually decreased with increasing distance (Fig. 3) . These results suggest that EPSP integration of inputs within 10 lm of the branching tufts was facilitated if they coincidently reached the dendritic tufts (daughter branch). The integration of the inputs was large when close to a branching point. Krueppel et al. (2011) showed that EPSP integration by the application of inputs to two dendritic tufts by two-photon uncaging stimulation were linear in GCs. Branco and Häusser (2011) also reported the linearity of EPSP summation in compartmental areas in layer 5 of cortical pyramidal neurons. Both these reports highlight the very important point that dendritic integration performed in compartment segments is linear. However, their stimulation sites were over 20 lm from the branching points, were more sparse, and were further from the branching points that the stimulation sites in our study. Our results indicate that the dendritic integration across a branching point might require both a close distance and a coincidence of inputs for daughter branches. Therefore, nonlinear summation of dendritic EPSP by coincident or oscillated inputs in close proximity to the branching point might facilitate linear summation in dendritic compartment areas. In addition, the dependence of the nonlinearity on the distance d s between the branching point and soma was measured for the Branch stimulation (Fig. 4) . Significant nonlinearity in the EPSP summation was observed. The increasing ratios presenting nonlinearity stabilized at 100 lm or less, from soma to branching point. It has been reported that the branching points in GCs are widely distributed from the medial dendrite to the proximal dendrite and sparse at the distal dendrite (Claiborne et al. 1990) . Therefore, the results suggest that the boosting of EPSP summation might occur for various information processes, associational-commissional inputs, and inputs from the entorhinal cortex on the middle and distal dendrites. Only a single datum point was obtained at approximately 180 lm due to the thinness of the dendritic tips and limited number of dendritic branches. Second in this study, pairing stimulations were applied at different timings and different distances to clarify the spatiotemporal dependence of the linearity or nonlinearity in EPSP summation. When the Line stimulations were applied, EPSP summations induced in both the IN and OUT directions at s = 0 ms showed no nonlinearity (Fig. 5) However, there was a sublinear EPSP summation for the Line stimulation in the OUT direction at s = 0 ms. Branco et al. (2010, Suppl. Fig. 8) reported sensitivity for the sequence of the synaptic activation, in which EPSP summation for the IN direction was larger than that for the OUT direction in cortical pyramidal cells . The order of EPSP summation was the same for our results, but unlike our study at s = 0 ms, their EPSP summation for the OUT direction also showed supralinearity. It is considered as the difference that their stimulations were applied more broadly (distance range: 97 ± 20 lm (mean ± SD)) and more intensely (8-10 pulses) than those of our study (distance range: 10-40 lm, 2 pulses), and their experiments were performed on cortical pyramidal cells, while ours were performed on dentate GCs. The effects of the pairing stimulation in our study were not due to NMDA channels because even EPSP summation for the IN direction showed no significant difference in the ratio. Therefore, our stimulation did not elicit a cumulative EPSP induced by continuous NMDA channel activation. On the other hand, showed supralinearity by NMDA channel activation in both IN and OUT sequential synaptic activations. Consequently, it is possible that NMDA activation boosted EPSP summation, keeping the order of EPSP summation by Line inputs in the IN and OUT directions.
Next, Branch stimulations were applied at different timings (Fig. 6) . In the present study, Branch stimulations S 12 and S 21 were decided as the order of the input-output ratio at s = 5 ms because there was a significant difference between measured EPSPs for S 12 and S 21 (Fig. 6a) . This difference might have been caused by the disparity in size of the daughter branches, an effect which is well established (Rall 1962; Kubota et al. 2011) . The results showed that only s = 0 ms elicited nonlinearity in the superposed EPSP at both 5 and 10 lm distances. This suggests that the coincidence is required to integrate inputs for several branches. In other words, inputs to branches were integrated only if they coincidently reached the branch dendrites.
To clarify the underlying molecular mechanism of the nonlinear summation of EPSP on dendrites, we applied two antagonists to the ACSF. The supralinearity was mainly dependent on the voltage-dependent Ca 2? channel and slightly dependent on the NMDA receptors. The results point to a different mechanism of amplitude summation for the direction of multi-inputs along a dendrite, one that is dependent on the NMDA channel . A possible reason for the nonlinearity in our experiment is the activation of the Ca 2? channel since the clamping resting voltage was low (-80 mV). There are Ca 2? channels throughout the dendrites in dentate GCs. Moreover, these channels activate at low level potentials (McRory et al. 2001; Aradi and Holmes 1999) . It is feasible that Ca 2? channels were influenced by the facilitation of EPSPs by simultaneous inputs around the branching point.
GC dendrites differ from those of hippocampal pyramidal cells in morphology and passive electric features (Amaral et al. 2007; Jaffe and Carnevale 1999; London and Häusser 2005; Schmidt-Hieber et al. 2007 ). In particular, there is strong voltage attenuation in the cells to prevent them from firing due to synaptic input integration (Krueppel et al. 2011) . Most synaptic inputs to mossy cells arrive from dentate GCs, and over 90 % of the axon cloud of mossy cells targets GC dendrites at the inner molecular layer (Aradi and Holmes 1999; Buckmaster et al. 1992; Buckmaster et al. 1996) . Thus, dentate GCs and hilar mossy cells have recurrent connections whose circuit provides positive feedback and can be considered a form of ''recurrent excitation'' (Jackson and Scharfman 1996) . Moreover, it is thought that the hilar mossy cell circuit controls dentate GC excitability (Jinde et al. 2013) . Therefore, the nonlinearity found at proximal dendrites in the present study may serve to support and facilitate the positive feedback from hilar mossy cells, which boosts the integration of inputs to dentate GCs. Inputs to the dendrites of the middle molecular layer originate from layer II of the medial entorhinal cortex through the medial PP (Nishimura-Akiyoshi et al. 2007 ). The stellate cells, the main cells in the medial entorhinal cortex, generate persistent rhythmic subthreshold voltage oscillations at the theta frequency range (Alonso and Klink 1993; Tahvildari and Alonso 2005) . Therefore, the nonlinearity induced by coincident branch inputs to middle dendrites in our study may facilitate the integration of oscillatory inputs in dendrites with strong attenuation, acting as coincidence detectors. In addition, spatial information is delivered to the middle dendrite (Fyhn et al. 2004; Hayman and Jeffery 2008) . In this case, the nonlinearity of input summation around the branching point might be used to enhance spatial information. On the other hand, non-spatial information is delivered to the distal dendrite (Hargreaves et al. 2005; Yoganarasimha et al. 2011) , and the nonlinearity of input summation here might facilitate non-spatial information.
The nonlinearity in EPSP summation for the synaptic inputs around a branching point does not have a direct or strong effect on input integration like that of NMDA channel-dependent input facilitation (Branco and Häusser 2011) . However, these findings on nonlinearity suggest the importance of facilitation at branching points for information integration and coding in dendritic computation. We believe that this nonlinearity may play a crucial role in the integration of synaptic inputs as a facilitator for positive feedback and as a coincidence detector for oscillatory inputs.
